Abstract S-wave velocity profiles of sedimentary layers in Tacna, southern Peru, based on analysis of microtremor array data and earthquake records, have been determined for estimation of site amplification. We investigated vertical component of microtremors in temporary arrays at two sites in the city for Rayleigh wave phase velocity. A receiver function was also estimated from existing earthquake data at a strong motion station near one of the microtremor exploration sites.
Introduction
The 23 June 2001 southern Peru earthquake of M w 8.4 was a large thrust earthquake on the plate boundary between the Nazca plate and the South American plate with a low dip angle in the north-east direction (e.g., Tavera et al. 2006 ). The fault area was 320 km by 100 km in length and width, with its epicenter in the north-western end of the fault (Giovanni et al. 2002) . The unilateral faulting contains a complex rupture process with variable rupture velocities and a heterogeneous slip distribution (Robinson et al. 2006) . Strong shaking was experienced in several major cities in southern Peru during the earthquake. The maximum intensities on the MSK79 scale of 6 to 7 were observed in Arequipa, Moquegua, and Tacna (Tavera et al. 2006 ). The high intensity area was elongated from the epicenter along the fault plane, because of source directivity effects. Analysis of strong motion records during the main shock suggests that large ground shaking at Moquegua may have been partly caused by directivity effects (Dewey et al. 2003) . Since no strong motion records for the earthquake were available at the other damaged cities in southern Peru, ground motion characteristics are still unknown. In Tacna city in southern Peru, old adobe buildings were damaged during the earthquake.
Especially, significant damage to one-or two-story buildings was observed in the northeastern part of Tacna city (Rodriguez-Marek et al. 2003) . Tavera et al. (2006) estimated the distribution of seismic intensity in Tacna from the damage observations. Their results clearly indicate that the maximum intensities were as large as 7− on the MSK79 scale in the northeastern part of the city and as low as 6− or 5+ in the southern part. Since the city is located at an epicentral distance of more than 100 km, these differences may be caused by local site conditions in the city together with differences in structural performance (Rodriguez-Marek et al. 2003) .
Geotechnical and geophysical investigations were conducted in damaged areas in southern Peru. Rodriguez-Marek et al. (2010) conducted surface wave surveys in Moquegua and revealed S-wave velocity profiles down to a depth of 20 m, whose bottom layer has an S-wave velocity of about 800 m/s. The estimated amplifications at the sites were large in a frequency range higher than 5 Hz; no significant amplifications can be expected at frequencies lower than 5 Hz. They suggested that an average S-wave velocities in the top 30 m may be insufficient to explain the strong ground motion features at periods longer than 1 s at Moquegua due to the lack of amplification of Swaves in deep S-wave velocity layers. Since no field surveys for S-wave profiles have been conducted in Tacna city, the reasons for the site effects in the city remain unknown. However, it is likely necessary to obtain sufficiently deep S-wave velocity profiles down to the basement, as suggested in the investigation of ground motion in Moquegua.
In this study, we conducted microtremor array measurements and an analysis of earthquake ground motion records at Tacna city in order to estimate S-wave velocity profiles. We discuss these profiles in the context of site amplification factors in the city.
Observation
Tacna city is located in a valley along the Caplina river which is covered with conglomerate in Quaternary age (Rodriguez-Marek et al. 2003) . The valley is bounded by hills of Tertiary age in the northwest and southeast, as can be seen in the topographical map in Fig. 1 . Microtremor explorations were conducted at two sites in Tacna as shown in Fig. 1 . The TAC site was located in the northern part of the city where structural damage was severe during the 2001 earthquake as can be seen in Fig. 2 . UNJB was in an area with lower seismic intensity than that around the TAC station.
Three temporary arrays were deployed at each site. Each array consisted of seven instruments installed as double-triangle shapes, having side lengths of 1.5-3, 6-12, or 24-48 m with a center as shown in Fig. 3 . The instruments used included an accelerometer and a recording unit with GPS timing receiver (GPL-6A3P by Mitsutoyo Corp.). The accelerometers used are basically similar to Kudo et al. (2002) . Timing of the stations was corrected by the GPS time signal before the measurements to obtain simultaneous records in an array. Vertical microtremor data with durations of 15 to 30 min were acquired with a sampling interval of 0.01 s in each array. Although we conducted array measurements using large arrays with side lengths more than 100 m, we could not obtain microtremor records with sufficiently large amplitudes over noise level at low frequency in such large arrays. Therefore, we used the data from the measurements in the arrays with side lengths less than 48 m.
In this area, earthquake observation using a strong motion instrument has previously been conducted by CISMID (Japan Peru Center for Earthquake Engineering Research and Disaster Mitigation) as shown in Figs. 1 and 2 . The station, UPT, is located near the site of UNJB in the southern part of the city corresponding to the low-intensity area. We used three-component data of earthquake records at the station in our analysis.
Analysis

Estimation of phase velocity
The microtremor data in each array were used in spatial autocorrelation (SPAC in the following) analysis (e.g., Okada 2003; Kudo et al. 2002; Roberts and Asten 2005) to retrieve Rayleigh wave phase velocities. In processing the array data, records were divided into segments of 81.92-s duration without large artificial impulsive disturbances. Records from the seven sensors in each segment were converted to Fourier spectra. An example of the array data from TAC is displayed in Fig. 4 along with their spectra. The spectra were very similar at a frequency range higher than 4 Hz. We, next, calculated SPAC coefficients using the spectra. After we processed all segments, SPAC coefficients were averaged for further processing. Figure 5 shows an example of the SPAC coefficients for data from one of the arrays at TAC. The SPAC coefficient is defined as average of standardized cross correlations between data at center and stations on a circle. It can be approximated by the Bessel function. It should be noted that five SPAC coefficients were obtained from the data in each array since there were five combinations of sensor separation distances. The observed coefficients become high at frequency of 5 Hz and decrease at high frequency. The coefficient, ρ, for a radius, r, at frequency, f, is expressed as
where J 0 is the Bessel function of the first kind of zero order, and c(f) is phase velocity (Okada 2003) . The coefficients were fitted to the Bessel function at frequency range from 5 to 30 Hz to estimate the phase velocity. The phase velocities obtained for the two sites are depicted in Fig. 6 . The phase velocities were estimated in a frequency range from 5 to 30 Hz. The phase (Tavera et al. 2006 ) with locations of observation sites in this study velocity at TAC was lower than that at UNJB across the entire frequency range, indicating the existence of low S-wave velocity layers at TAC. The phase velocity was unfortunately limited at frequencies higher than 5 Hz. It turns out that the lack of the phase velocity at low frequency was due to the low coherency of the microtremor data. This incompleteness of the phase velocity makes it difficult to determine deep S-wave velocity profiles down to the basement from only the phase velocity. Therefore, other data are required to add an additional constraint for deep S-wave profiling.
Estimation of receiver function
We attempted to use receiver function from earthquake data at the UPT station as an additional constraint. The receiver function method has been widely used in studies on crustal structures using converted S-waves and multiply-reflected P-waves generated by initial P-wave (e.g., Langston 1979) .
The earthquake data obtained during 19 events in Table 1 were analyzed for the receiver functions. We selected earthquake records whose P-wave onset could be easily identified. The P-wave portion with duration of 5.12 s with additional taper parts of 1 s was used in the processing for the receiver function. The procedure for data processing in the frequency domain with a water table (e.g., Kurose and Yamanaka 2006 ) was applied to the P-wave parts. As a first step in the processing, spectra of vertical and radial components in initial P-wave portions were calculated. Examples of the earthquake records are shown in Fig. 7 . Then a receiver function was calculated by vertical division of the horizontal spectrum for each event, which was used to obtain averaged one before inverse Fourier transform into the time domain. Figure 8 shows the averaged receiver function. Large phases can be seen within times of 0.6 s.
Inversion to S-wave velocity profile
We used the phase velocity at UNJB and the receiver function at UPT jointly in a determination of an S-wave Example of three components of earthquake records at UPT during the event no. 12. The rectangular boxes attached to the records indicate coda part used for calculating horizontal to vertical ratio velocity profile considering the incomplete frequency range of the observed phase velocity. The misfit in the joint inversion (Julia et al. 2002) is defined as
using the misfits for the phase velocity, ϕ PH , and receiver function, ϕ RF , with a weight of p. According to Kurose and Yamanaka (2006) , p was set to be 0.5. Each misfit was calculated from
and
Here, C i C and C i O are the calculated and the observed phase velocities at N frequencies, while and R j C are R j O are the calculated and the observed receiver functions at M time steps. This misfit was minimized with simulated annealing (e.g., Yamanaka 2005) for finding Pwave velocity, S-wave velocity, and thickness of the best layered model. Densities were given in advance. The search limits of the parameters are tabulated in Table 2 . We assumed narrow search limits for S-wave velocity to avoid velocity-inverse layer, while relatively wide limits are used for thickness. The results of the inversion at UNJB are shown in Fig. 9 and in Table 3 . The top layer had an S-wave velocity of 400 m/s with a thickness of 10 m indicating a very stiff site condition. The basement, having an Swave velocity of 2.8 km/s, was located at a depth of about 1 km. In order to understand the uncertainty of the S-wave velocity model at UNJB, all the acceptable models are compared. The acceptable model is defined as model whose misfit is less than 1.1 times of the minimum misfit value. All the acceptable models in Fig. 9 are similar indicating an appropriateness of the inverted model. The evolutions of current and minimum misfits are also shown in the figure. The misfit decreases rapidly within the first 4000 iterations. Comparison between the observations and the synthetics for the inverted model can be seen in Fig. 8 for the receiver function and in Fig. 6 for the phase velocity. The phase velocity was reproduced well by the inverted model. The major phases at arrival times shorter than 1.0 s in the receiver function were also sufficiently explained with the theoretical one.
Here, we calculated the ratio of the horizontal and vertical spectrums for the coda part of the earthquake records at UPT near UNJB. An example of the coda part used is displayed in Fig. 7 . After the horizontal to vertical ratio for each event was calculated, they were averaged in the data processing. This ratio has often been used in validation of S-wave velocity models, interpreted as Rayleigh wave ellipticity (e.g., Yamanaka et al. 1994) . Figure 11 compares the observed horizontal to vertical ratio with the theoretical ellipticity for fundamental and four higher modes of Rayleigh waves in the model of UNJB. Although the observed peak value was slightly smaller than the theoretical one, the peak period of the observed ratio at a period of 0.3 s agrees well with the theoretical solution, indicating an appropriate velocity model at UNJB. We next determined an S-wave velocity profile beneath the TAC station from only the phase velocity by taking into account the results of the above joint inversion for UNJB. Since the phase velocity at TAC was also limited at high frequencies, we defined narrow search limits of the parameters in the inversion of the phase velocity as shown in Table 4 . The search areas for the parameters of the deep part of the profile were set to be as narrow as 5 % of the parameters derived in the joint inversion for UNJB, while those for the shallow part were relatively wide. The profile from the inversion of the phase velocity at TAC is shown in Fig. 9 . All the acceptable models are similar to the optimal model indicating appropriateness of the inverted model. Comparison of the observed and calculated phase velocities at TAC indicates good agreement as shown in Fig. 6 . Figure 10 compares the S-wave profiles at the two sites. The deep part of the profile at TAC was almost Fig. 10 Comparison of S-wave and P-wave velocity profiles at UNJB and TAC the same as that of UNJB. However, the top layer at TAC was lower in S-wave velocity and thicker than that of UNJB.
Discussion
The inverted results indicate the existence of a thicker top layer with a low S-wave velocity of 400 m/s at TAC compared to the area around UNJB. Here, we compare the amplification factors for the two inverted models. A 1D reverberation theory of vertical propagating S-waves in a homogeneous layered model was used in calculating amplifications. Constant Q-value was assumed to be 1/5 of S-wave velocity in m/s. The 1D amplification factors of S-wave for the two sites are displayed in Fig. 12 . The two sites had a similar peak at a period of 2 s. However, the amplitude at TAC was larger on average than UNJB in the period range 0.2 to 0.8 s.
This difference qualitatively suggests one of the possible reasons for the higher damage in TAC than UNJB during the 2001 southern Peru earthquake. We further investigated the amplification factors at TAC. We calculated 1D amplification factors using three models modified from the inverted profile at TAC. The first model (M1-4) was generated by neglecting the fifth layer, having an S-wave velocity of about 2.8 km/s in the original model (M1-5) having five layers. The bottom two layers in the inverted model were replaced with the third layer with an S-wave velocity of 1.1 km/s in the second modified model (M1-3). In the last model (M1-2), the bottom three layers were modified to have the same velocity as the second layer, with an S-wave velocity of 0.7 km/s. The M1-2 model can be regarded as shallow soil model without any deep layers. The amplifications for the modified models were compared with that of the original inverted model in Fig. 13 . The model M1-4 has a similar amplification to that of the original inverted model (M1-5) at entire period range. This indicates the importance of the top three layers over the layer having an S-wave velocity of 2.5 km/s in the characterization of site effects. The models M1-2 and M1-3 show the amplifications with peaks at 0.2 to 0.4 s indicating the effects of the shallow soil over the layer with an S-wave velocity of 1.1 km/s. However, the original model (M1-5) also contains several larger peaks in the amplifications at periods shorter than 0.4 s. Furthermore, additional peak at periods longer than 0.6 s cannot be explained with the shallow models of M1-2 and M1-3. Considering these comparisons, the effects due to the deep sediments over the layer with an S-wave velocity of 2.5 km/s are necessary for estimating short-period ground motion in the area. This can be also important in understanding the distribution of earthquake damage during the 2001 southern Peru earthquake.
Conclusions
Microtremor array explorations were conducted at the two sites in Tacna, southern Peru, to understand S-wave velocity distributions in deep sedimentary layers. Rayleigh wave phase velocities were estimated from SPAC analysis of the arrays records of vertical microtremors at a frequency range from 5 to 30 Hz. We also obtained the receiver function from earthquake data near one of the microtremor sites. The phase velocity and the receiver function were jointly inverted to an S-wave velocity profiles down to the basement at a depth of about 1 km at the sites. The two sites have no shallow soft soil with an S-wave velocity less than 0.3 km/s. The S-wave velocity profile in the highintensity area during the 2001 southern Peru earthquake was mainly characterized by the top thicker layer with lower S-wave velocity than that in the low-intensity area. The effects of the different S-wave profiles were evaluated through 1D amplifications of S-waves.
Comparison of the amplifications indicates that the amplitudes in a period range from 0.2 to 0.8 s are large in the high-intensity area in the city. This difference suggests one of the possible reasons for the distribution of damage in Tacna during the 2001 earthquake.
